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SYNOPSIS 

The paper presents the  development of a vent i la t ion  scheme f o r  a 
large bus s t a t i on  and passenger interchange i n  Bilbao, Spain. 
The main objective of t he  design was t o  ensure t h a t  po l lu t ion  
f ree  conditions could be achieved within an enclosed waiting a rea  
t ha t  opened up on t o ,  and was surrounded by, a semi-enclosed 
pick-up space, where there  could be large number of buses with 
t h e i r  engines running. I n i t i a l  thoughts were t o  use natural  
ven t i la t ion ,  a rch i tec tura l  and other  constra ints  made t h i s  
impossible so mechanical ven t i la t ion  became necessary. The 
appl icat ion of a multi-cell  ven t i la t ion  model t o  determine a i r  
movements within t h e  whole s t a t i on ,  including an assessment of 
the  a b i l i t y  of the  system t o  prevent exhaust fumes enter ing v i a  
open doors is  described. This i s  followed by a discussion of t he  
r e su l t s  of wind tunnel tests on a 1:400 scale  model t o  determine 
pressure coef f ic ien ts  and l i k e l y  pol lutant  l eve ls  i n  t h e  s e m i -  
covered areas  occupied by buses. The r e su l t  of these s tud ies  was 
the presentation of the  design scheme t o  the  c l i e n t ,  and we a r e  
looking forward t o  h i s  response which should be avai lable  by the  
t i m e  of t h e  Conference. 



1. INTRODUCTION 

The provision of comfortable conditions within a building is the 
everyday task of the building services  engineer. There a r e  
occasions when circumstances make t h i s  more than routine. These 
occur when the  conditioned space i s  so prest igious t h a t  no r i s k s  
can be taken o r  conversely when there  is l i t t l e  need t o  s a t i s f y  
the  usual  demands f o r  comfort bu t  t h e  space must still be 
acceptable f o r  l imited periods. I n  the  f i r s t  case published data  
can be used t o  specify design conditions' 111, and the  
appropriate p lan t  designed and specified.  The solut ion may be 
expensive but the  design br ie f  demands t h i s  approach, There i s  
an intermediate f i e l d ,  a na tura l ly  vent i la ted  and heated 
building,  f o r  example, where it is  possible t o  pred ic t  t he  l i ke ly  
range comfort conditions, and so specify a f a i l u r e  ra te .  An 
approach t o  t h i s  design problem was described by Holmes E21 a t  
the  6 t h  AIC Conference. There i s  however, not much guidance 
ava i lab le  when designing on the  'edge' of comfort, t h a t  is 
perhaps f o r  t rans i to ry  space such a s  a waiting area. The 
occupants can be expected t o  be dressed f o r  outside conditions, 
but c l e a r l y  do not  expect t h e  waiting space t o  be q u i t e  l i k e  
outside.  The objective here is probably t o  aim f o r  thermal 
conditions t h a t  w i l l  not cause ser ious  complaints, How t o  assign 
a l i m i t  is ra ther  more d i f f i c u l t .  Accepting t h a t  t i g h t  control  
of t h e  thermal environment is not  t h e  main objective,  it is 
necessary t o  consider the  qua l i ty  of the  a i r  within t he  space. 
Perhaps t h i s  need not be of concern i n  a t r ans i to ry  region. 
Natural ven t i la t ion  should suff ice .  I f  however, there  a r e  major 
po l lu tan ts  i n  adjacent areas  t h e  problem becomes a l i t t l e  more 
in te res t ing .  In addit ion,  i f  there  a r e  off i c e s  and res taurants  
nearby where c l ea r ly  reasonable comfort standards a r e  necessary 
the design is  fur ther  complicated. This paper is concerned with 
t h a t  scenario. 

The bus s t a t i on  described here is p a r t  of a major proposed 
redevelopment i n  the  centre  of Bilbao (located i n  t he  Viscaya 
region of North Spain), t he  Abando Passenger Interchange. The 
proposal evolved through the  need f o r  a new bus s t a t i on  and a 
ra t iona l i sa t ion  of the  ex is t ing  railway system along the  r i v e r  
frontage i n  cen t ra l  Bilbao. The most su i tab le  site was 
iden t i f i ed  a s  the  land a t  present occupied by the  ex is t ing  RENFE 
railway s t a t i on  and s idings Architects,  S t i r l i n g  Wiford and 
Associates w e r e  appointed a s  pro jec t  a r ch i t ec t s  t o  develop the  
pro jec t  through concept t o  scheme stage (1: 200) , the  s tage where 
calculat ions  of the  type described i n  t h i s  paper a r e  appropriate. 

Ove Arup & Partners Internat ional  Ltd were appointed i n  1985 a s  
consulting transportation,  s t ruc tu ra l  and building services  
engineers and were involved with the design of the  pro jec t  u n t i l  
July 1987 when t h e i r  proposals were presented with those of the  
a rch i tec t  t o  the  c l i e n t ,  the  Bizkaiko Foru Aldundia. The basic  
plan was the creation a new plaza i n  the  centre  of the  site with 
pedestrian access from four arcades l inking the new and o ld  towns 
of Bilbao v ia  a footbridge across the  r i v e r  (see Figure 1). 





The entrances t o  the  new bus s t a t i on  and railway s t a t i on  a r e  
s i t ua t ed  a t  each end of t he  plaza with covered car / taxi  drop-off 
po in ts  and 400 car  parking spaces located i n  th ree  basements, 
below the  plaza. In addit ion,  there  is an underground service  
road around t h e  perimeter of t h e  basement c a r  park f o r  the  
de l ivery  of parcels  t o  the  bus s t a t i o n  and the  general servicing 
of t h e  plaza buildings. The interchange contains waiting, 
refreshment and administration areas ,  each of which has spec i f ic  
environmental requirements. It has already been suggested t h a t  
spec i a l  care needs t o  be taken when occupied areas  a r e  surrounded 
by pol lutants .  The approach employed f o r  the  design t o  scheme 
s tage is  described i n  t h i s  paper, which is i n  s i x  main sections.  

1. General description of bus s ta t ion .  
2. Design objectives - how the  design conditions were 

specified. 
3. Design Options - prac t i ca l  ways t o  achieve t h e  design 

objective. 
4. Analysis of  t he  design - methods used t o  prove the  

design. 
5 .  Description of t he  computer program. 
6. Conclusions. 

It is important t o  r e a l i s e  t h a t  design is a complex process and 
of ten  i t e r a t i ve .  That is, ea r ly  decisions may have t o  be changed 
i n  . t h e  l i g h t  of l a t e r  s tudies ,  which could i n  tu rn  a f f e c t  t he  
r e s u l t  of those studies.  Because of t h i s  it is not possible  t o  
describe the  evolution of t he  design without reference t o  what a t  
the  time would have been fu ture  work. In addit ion the paper is 
an attempt to describe what w a s  done, and not t o  give an analysis  
of a la rge  number of options, which i n  most cases a r e  meaningless 
t o  t h e  reader. It is a l so  hoped t h a t  t he  paper demonstrates the  
p r a c t i c a l  use of ven t i la t ion  theory 

General description of the  Bus S ta t ion  

The proposed new bus terminus (Figure 1) comprises a suburban bus 
s t a t i o n  a t  ground leve l  and an external  interurban bus s t a t i o n  
located above, on the  roof of t he  suburban s ta t ion .  The bus 
s t a t i o n  is flanked by railway t racks  on each of i t s  long sides.  
Access t o  the  bus s t a t i on  is v i a  an elevated roadway from which 
coaches pass up t o  t he  interurban bus s t a t i on  and l o c a l  buses 
pass down t o  ground l eve l  and en te r  the  suburban bus s t a t i on  on 
the  shor t  s ide opposite t o  t h a t  used by passengers entering from 
the plaza. These loca l  buses pass around a covered roadway which 
i s  open on one s ide  and surrounds the  suburban passenger waiting 
concourse, Figure 2. There a r e  twelve bus stands and passengers 
board and a l i g h t  through three doors located between t h e  roadway 
and t h e  waiting area adjacent t o  each stand. 



I N T E R - U R B A N  LOUNGE 

S U B U R B A N  CON C O U R S E  

B U S  O C C U P A N C Y  A R E A  

E N T R A N C E  H A L L  
t 

Figure 2 Section through the bus station 



For t h e  purpose of t h i s  paper t he  bus s t a t i o n  can be ideal ized 
i n t o  t h e  simple form shown i n  Figure 3. This comprises four main 
zones: 

1. Entrance h a l l  : volume 11320m3 - Level Om 
2. Escalator w e l l  : volume 1080m3 - Level Om 
3. Suburban concourse : volume 20,000m3 - Level 7m 
4. Interurban lounge : volume 9000m3 - Level 14m 

The l eve l s  re fe r red  t o  here a r e  t he  height of t he  zones above an 
a r b i t r a r y  datum. The main region of i n t e r e s t  here is zone 3, t he  
suburban concourse. This is connected t o  t h e  interurban lounge 
above and t h e  entrance h a l l  below v i a  the  esca la tor  w e l l  which 
forms an opening of 72ma a t  each of t h e  two l eve l s  connecting t h e  
t h r ee  spaces. 

There a r e  external  doors a t  a l l  th ree  levels .  The doors i n  the  
upper and lower l eve l s  a r e  swinging doors, those i n  t he  concourse 
l ink ing  t o  each of t h e  twelve bus stands a r e  automatic s l i d ing  
doors which remain closed except when i n  use. Each door has an 
area of 4.4m2 with a crack length of 8.4m around it. 

2. DESIGN OBJECTIVES 

It has  already been suggested t h a t  t h e  designers main concern was 
t he  conditions i n  t he  suburban concourse. It i s  here where 
people could be subjected t o  unpleasant and even dangerous fumes 
from vehicle  exhausts. I t  is a l s o  here where design conditions 
need t o  be care fu l ly  considered i f  energy consumption is t o  be 
optimized. The term optimized is chosen de l ibera te ly  because 
minimum energy consumption would be achieved with a l l  p l a n t  
turned of f .  To optimize requires the  bes t  balance between 
heat ing and cooling t o  s a t i s f y  t he  l oca l  comfort requirements. 
In  t h e  present context it is necessary t o  consider th ree  design 
objectives:  

Acceptable l eve l  of po l lu tan t  
Winter Heating 
Summer Cooling 

2.1 Acceptable Level of Pol lutants  

The bus s t a t i o n  is perhaps unique i n  t h a t  t o  perform i ts  function 
it must necessari ly be surrounded by i t s  own pol lutants .  This 
means t h a t  while the  l o c a l  a i r  is  l i k e l y  t o  be heavily polluted,  
the  nature and l eve l  of t h e  fumes should be quant i f iable .  This 
sec t ion  considers both acceptable i n t e rna l  concentrations of the  
main po l lu tan ts  and an assessment of l oca l  external  l eve l s  due t o  
d i e se l  engines running while the  buses a r e  i n  the  s ta t ion .  It i s  
unl ikely  t h a t  the  engines w i l l  be turned of f  because the  average 





predicted length of s t ay  i n  the  bus s t a t i o n  i s  f i v e  minutes 
( l oca l  not long dis tance buses). They w i l l  generally be 
s ta t ionary  with i d l i ng  engines f o r  four minutes of t h i s  period. 

The design object ives  here must be t o  assess  t h e  probable l eve l  
of po l lu tan t  generation by t h e  buses, together with t h a t  i n  t h e  
general  l o c a l i t y  and so  determine the  necessary d i l u t i on  ra te .  
The p o s s i b i l i t y  of using a l oca l  ex t r ac t  system t o  remove the  
contaminants a t  source was considered bu t  re jec ted  because: 

There is no standard posi t ion f o r  bus exhausts. 

Wind w i l l  have a s ign i f i can t  influence on the  t ra jec tory  of 
t h e  exhaust gas j e t .  

Engine exhaust gas flows a r e  hot (250°C a t  t h e  engine when 
id l i ng )  and pulsat ing s o  again it is d i f f i c u l t  t o  predict  
where the  fumes w i l l  go. 

So even i f  such a system had been adopted concourse ven t i l a t ion  
would still have been an e s s e n t i a l  requirement t o  ensure sa fe  
conditions. 

2.1.1 Acceptable In te rna l  Concentrations 

The major const i tuents  of bus exhaust a r e  shown i n  Table 2 
together with recommended exposure limits[3,41. 

Table 2: Threshold L i m i t s  

Po l lu tan t  Exposures 

10 minutes 
P P ~  mg/m3 

8 hours 
3?pm m9/m3 

NO, 
Carbon 

Both carbon monoxide and nitrogen monoxide r eac t  with blood 
haemoglobin which usually t ranspor t s  oxygen around the  body. 
Nitrogen dioxide is a purgent red-brown gas which is both 
i r r i t a t i n g  and toxic.  It r eac t s  with water i n  t he  lungs t o  form 
n i t r i c  acid  which reduces t h e  lungs' a b i l i t y  t o  t ranspor t  oxygen. 
Par t icu la te  matter  can lead t o  the  formation of scar  t i s sues  i n  
the  lungs and i r r i t a t i o n  of the  eyes. The recommended [3,41 
8 hours and 10 minutes exposures t o  carbon black a r e  3.5 and 
7.0mg/m3 respectively.  However, reduced f i gu re s  a r e  used i n  
Table 2. These can be qua l i t a t i ve ly  described a s  'reduced 
v i s i b i l i t y '  and 'dense smoke'. Neither des i rab le  but  both 
apparently acceptable f o r  t he  exposures quoted. 



2.1.2 Assessment of Local Levels of Pol lutants  

Information on exhaust gas emission from d i e se l  engines i s  
generally quoted i n  p a r t s  pe r  mil l ion of NO (ppm of combined 
oxides of nitrogen).  The exposure leve ls  cp&ed i n  Table 2 a r e  
d i f f e r e n t  f o r  t h e  two oxides (NO, NO,). It was there fore  
necessary t o  assume a r a t i o  between the  two. Ambient atmospheric 
l eve l s  o f  NO and NO, i n  towns a r e  approximately equal [5] but  
peak l e v e l s  a re  i n  t h e  r a t i o  2:l. Under f u l l  load, a d i e s e l  
engine produces ra ther  l e s s  NO [61 , however, a s  previously 

2 
s ta ted ,  buses w i l l  be i d l i ng  f o r  most of t h e i r  s t ay  a r a t i o  of 
NO:NO, of 70% : 30% was assumed f o r  the  calculat ion of a i r  change 
ra te .  

To obtain  the  generation r a t e  of the  po l lu tan ts  it was f i r s t  
necessary t o  obtain exhaust volumes flow r a t e s  f o r  d i e s e l  engines 
and then r e l a t e  t h i s  t o  t h e  content of t h e  gases. Typical 
f igures  [7,81 a re  given i n  Tables 3 and 4, where f o r  the  purpose 
of design a t yp i ca l  engine has been assumed t o  have a capacity of 
8 litres. 

Table 3: Exhaust Flow Rates 

Engine Condition 
- -  

Exhaust flow r a t e  (m3/h) 

Load Speed 6 l i t r e  8 L i t r e  10 L i t r e  
(rpm) 

Idl ing 320 57.6 76.8 96.0 
Full  Load 800 144 .O 192.0 240.0 

Table 4 : Exhaust Consti tuants 

-- 

Engine Condition Emission Volume of 
Load Speed by  volume Pol lu tan t  

( rpm ( P P ~ )  (m3/hr) 

CO NOX 
co NOx 

Idl ing 320 510 190 0.039 0.015 

Ful l  Load 800 2130 2170 0.409 0.417 

Diesel smoke is d i f f i c u l t  t o  quantify. The usual measure f o r  
pa r t i cu l a t e  carbon (C) is Dmg/m3 (milligrams of standard d i e s e l  
smoke pe r  cubic metre of a i r ) .  This measure i s  ac tua l ly  l e s s  
than t h e  t o t a l  s o l i d  content i n  t he  a i r  because the  la rger ,  
heavy, p a r t i c l e s  contr ibute  l i t t l e  t o  the  obscuring e f f e c t  of the  
smoke. In  p rac t i s e  these  p a r t i c l e s  may s e t t l e  out,  although with 
exhaust gas temperatures of 250°C a t  the  engine most of the  
gaseous po l lu tan ts  tend t o  rise. 



A s  i n  t h e  case of  t h e  oxides of n i t rogen it w a s  necessary t o  make 
a des ign assumption. A 10 tonne veh ic le  t r a v e l l i n g  a t  lOkm/hour 
up a 2% grad ien t  can genera te  a s  much as 25,00Omg/hour of 
p a r t i c u l a t e  mate r i a l  [91. Sta t ionery  buses are unl ikely  t o  
genera te  a s  much and because t h e  of tendency of heavier  p a r t i c l e s  
t o  set t le  a reduced f i g u r e  of  12,000Dmg/m3 was taken f o r  t h e  
v e n t i l a t i o n  ca lcula t ion.  

2.1.3 A i r  Quan t i t i e s  Required t o  D i l u t e  t h e  Po l lu tan t s  

A s a f e  design c r i t e r i a  would be t o  assume t h a t  a l l  t h e  p o l l u t a n t s  
emit ted  by t h e  buses e n t e r  t h e  concourse area .  It w a s  however 
a l s o  thought necessary t o  consider  condi t ions  i n  t h e  covered 
loading a rea  around t h e  concourse (Figure 2 ) .  The amount of  
' f r e s h '  a i r  required  t o  ob ta in  acceptable  condi t ions  i n  t h e  
concourse depends upon t h e  contaminant l e v e l  of  t h a t  a i r ,  t h e  
number of buses a t  t h e  s t a t i o n  a s  w e l l  as t h e  content  of t h e  
exhaust.  Typical l e v e l s  of  ambient CO, NO, NO2 and C are given 
i n  Table 5 151. 

Table 5: Ambient P o l l u t a n t  Levels 

P o l l u t a n t  Level 

P P ~  mg/m3 

The frequency of  t r a f f i c  w a s  t h e  sub jec t  o f  a s tudy by Arup 
T r a f f i c  Engineering, t h i s  is n o t  included i n  t h e  p resen t  paper. 
The r e s u l t s  were a d a i l y  f low o f  600 buses wi th  a peak hour flow 
of 50 i n  t h e  evening. 

The d a t a  contained i n  Table 5, i n  conjunction with t h e  assumed 
exhaust emissions (Table 41, w a s  used t o  determine t h e  amount of  
' f r e s h '  a i r  necessary t o  d i l u t e  each of t h e  p o l l u t a n t s  t o  ' s a f e '  
l e v e l s  (Table 61, and then converted t o  a i r  change r a t e s  f o r  
d i f f e r e n t  p a t t e r n s  of use,  (Table 7 )  . 



Table 6 Di lu t ion  flow rates (mJ/hr) 

8 hour exposure 

I d l i n g  
F u l l  Load 

10 minute exposure 

I d l i n g  100 1064 4000 
F u l l  Load 1049 29575 4000 

Table 7 Required a i r  change r a t e s  

Condition P o l l u t a n t  Exposure 

CO NOx C 

Constant i d l i n g  0.82 1.55 10.00 8 hour 

0.09 0.87 3.33 10 mins 

Peak, 50 buses 
p e r  hour 0.44 1.81 1.85 10 mins 

Peak 5 minutes 
(12 buses)  0.13 3 -01 1.78 10 mins 

These air  change r a t e s  (Table 7) are based on a v e n t i l a t i o n  
e f f i c iency  of 100%. Something near  t h a t  f i g u r e  could be achieved 
with a w e l l  designed air d i s t r i b u t i o n  system and is t h e r e f o r e  a 
reasonable assumption f o r  t h e  concourse. I n  add i t ion  not  only 
a r e  t h e  p o l l u t a n t  emissions an  overest imate ( i n  p a r t i c u l a r  t h a t  
f o r  p a r t i c u l a t e  carbon from an i d l i n g  engine) b u t  not  a l l  t h e  
fumes can be expected t o  e n t e r  t h e  concourse. Ven t i l a t ion  
e f f i c iency  f o r  t h e  semi-open bus wai t ing  a r e a  surrounding t h e  
concourse w i l l  depend upon l o c a l  condit ions.  An e f f i c i e n c y  of 
50% would probably not  be too  pess imis t i c .  

The design a i r  change r a t e  f o r  t h e  concourse and surrounding were 
the re fo re  taken a s  3 and 6 a i r  changes respect ively .  

It must be  sa id  here  t h a t  t h e  concept of an air changes rate f o r  
what is a f a i r l y  open a r e a  might be thought a f a i r l y  novel idea.  
It was however, necessary t o  have a q u a n t i t a t i v e  method t o  a s s e s s  
t h e  l e v e l  of p o l l u t a n t  t h a t  might enter t h e  concourse area .  A 
notional  air change s a t i s f i e s  t h i s  requirement, and i s  l a t e r  used 
i n  t h e  i n t e r p r e t a t i o n  of t h e  wind tunnel  tests. 



2.2 Winter Heating 

In t h i s  case only problem is t o  assess  the  probable a c t i v i t y  and 
clothing leve ls  of the  occupants. It was thought reasonable t o  
assume t h a t  they would have walked several  hundred metres before 
a r r iv ing  a t  the  waiting area and t h a t  they would be dressed f o r  
outs ide conditions. In  addit ion,  f a i r l y  s t i l l  a i r  conditions 
would be expected. A comfort analysis  according t o  Fanger's 111 
theory f o r  ac t ive  people (123w/ma) with a clothing l eve l  
corresponding t o  1.5 c lo ,  suggestea t h a t  12OC would be a su i tab le  
design temperature would appear t o  be 12OC. 

Because of the  need t o  use r e l a t i ve ly  large amounts of a i r  
(2Om3/s), t o  minimise the  en t ry  of contaminants, a warm a i r  
system was considered t o  be appropriate (otherwise a radiant 
system would have been appropriate).  It i s  worth mentioning here 
t h a t  with a peak occupancy of 275 people the  application of 
current  regulations [I01 would r e s u l t  i n  a f resh  a i r  requirement 
of 3. 3m3/s (0.6 air-changes) . 
The l a rge  amounts of a i r  required suggest t h a t  some of exhaust 
a i r  hea t  recovery system should be considered. The low in t e rna l  
winter design temperature means t h a t  such a scheme is unlikely t o  
be c o s t  effect ive.  It could be argued t h a t  higher design 
temperatures could then be used without any increase i n  energy 
consumption. I f  t h i s  were done then the  occupants leve l  of 
c lothing would not be compatible with l oca l  environment. 
Alternatively some recirculat ion could be used (and t h i s  is 
included i n  t h e  proposed design) provided the leve l  of 
contaminants does not become c~acceptab le .  

2.3 Summer Conditions 

The main source of heat gain a r e  people and l i gh t s ,  with a s o l a r  
contribution from a skyl ight  i n  the  centre  of the  concourse. The 
space has  high thermal i n e r t i a  and a well insulated roof. It was 
therefore  f e l t  t h a t  mechanical ven t i la t ion  would be adequate 
perhaps with night  time pre-cooling. This f i t s  i n  w e l l  with the  
vent i la t ion  demands f o r  the  d i lu t ion  of pol lutants .  

3. DESIGN OPTIONS 

Section 2 went s l i gh t ly  beyond the general design objectives b y  
including an assessment of the  amount of a i r  required t o  d i l u t e  
exhaust emissions t o  acceptable levels .  This sect ion presents 
the  options open t o  t he  designer t o  achieve those objectives. 
Analysis of the  proposed design i s  covered i n  Section 4. 

The range of options t h a t  were considered a re  given below i n  
order of increasing cos t ,  complexity and environmental comfort: 



1) Trea t  t h e  suburban bus s t a t i o n  a s  an ex te rna l  covered 
na tura l ly  ven t i l a ted  space with columns supporting t h e  deck 
of t h e  interurban bus s t a t i o n  above. There would need t o  be 
doors t o  t he  esca la tors  serving t h e  interurban lounge above 
and t h e  entrance h a l l  below. This i s  t h e  only solut ion 
which would enable na tura l  ven t i l a t i on  throughout. 

2 )  Introduce a small c en t r a l  a rea  f o r  the  ca fe  f a c i l i t i e s  and 
t o i l e t s  with people wait ing 'outside '  i n  the  same space a s  
t he  buses. This c e n t r a l  core,  however, reduces the  
effect iveness  of na tura l  c ross  flow vent i l a t ion ,  

~ o t h  (1) and (2) above were i n  c o n f l i c t  with t h e  a r ch i t ec tu ra l  
concept and were therefore  not considered t o  be v iab le  technical  
solutions.  

3) Accept t he  a r ch i t ec t s  proposed scheme with an i n t e r n a l  
occupied, environmentally controlled space, with buses 
outside.  The bus occupied a rea  could be p a r t i a l l y  screened 
of f  a t  low l e v e l  also. 

4) The most sophis t icated solut ion would be t o  u t i l i s e  a 
separate  ven t i l a t i on  system f o r  t he  concourse area  and the  
bus area.  The external  ven t i l a t i on  system would cons i s t  of 
a l o c a l  ex t r ac t  system a t  each bus parking bay. This would 
l i m i t  fu ture  f l e x i b i l i t y  a s  t h e  ex t r ac t  would need t o  be 
c lo se  t o  the  exhaust pipe t o  be e f fec t ive .  The d i f f i c u l t i e s  
associated with t he  implementation of a l o c a l  ex t r ac t  system 
(see 2 . 1 ,  i n  conjunction with an an t ic ipa ted  high l i f e  
cycle  cos t  of t he  proposal resul ted i n  t h e  recommendation 
not t o  adopt t h i s  method. 

It was f e l t  t h a t  t h e  proposed a r ch i t ec tu ra l  solut ion is analogous 
t o  an a i r p o r t  arr ivals /depar ture  lounge ra ther  than an external  
covered garage and hence option 3 above was studied i n  more 
d e t a i l  (Section 4)  i n  order t o  quantify the major design 
parameters, I n  pa r t i cu l a r ,  t he  pos s ib i l i t y  of pressur iz ing t he  
suburban concourse was examined using the  mechanical ven t i l a t i on  
system t o  minimise the  en t ry  of bus fumes. This was considered 
t o  be of pa r t i cu l a r  importance a s  t he  concourse is completely 
surrounded by bus stands. 

4. ANALYSIS OF THE DESIGN 

For t h e  purpose of t h i s  paper t h i s  means t he  ven t i l a t i on  
s t ra tegy.  The so l e  objective of t he  analysis  was t o  prove t h a t  
the  qua l i t y  of a i r  within t h e  concourse would be both acceptable 
t o  those waiting f o r  buses and, of course, o f f e r  no danger t o  
t h e i r  heal th .  To do t h i s  it was necessary t o  ensure an adequate 
supply of f resh  a i r  t o  the  concourse. 



This can be done by carrying o u t  an a n a l y s i s  of  a i r  movements 
wi th in  and i n t o  t h e  a reas  of  i n t e r e s t .  Such an a n a l y s i s  can done 
by means of  a  mul t i -ce l l  v e n t i l a t i o n  model. The main problem 
with us ing such a  model (excluding its v a l i d i t y )  i s  i n  t h e  
s p e c i f i c a t i o n  of  t h e  l o c a l  wind cl imate.  This can be done by a  
wind tunne l  test. I n  t h i s  case  such tests w e r e  considered 
e s s e n t i a l  t o  determine t h e  p r o b a b i l i t y  of obtaining s a t i s f a c t o r y  
condit ions.  A by-product of such tests would be t h e  most 
s a t i s f a c t o r y  p o s i t i o n  f o r  t h e  f r e s h  a i r  i n l e t s .  

Wind tunne l  tests a r e  expensive and it takes  some t i m e  t o  
cons t ruc t  a model and do t h e  test. It was t h e r e f o r e  thought 
necessary t o  make a prel iminary a n a l y s i s  of a i r f low p a t t e r n s  
wi th in  t h e  bu i ld ing  using a mul t i -ce l l  v e n t i l a t i o n  model. This  
a n a l y s i s  would g ive  a  good idea of  what t o  look f o r  i n  t h e  wind 
tunnel  test  programme. This  s e c t i o n  f i r s t  desc r ibes  t h a t  
a n a l y s i s  and then t h e  wind tunne l  tests. 

4-1 Vent i l a t ion  Analysis 

The bulk  of t h e  work described here  w a s  done using t h e  Arup 
Environmental p red ic t ion  Units '  computer program VENT. This 
program, which w a s  a l s o  used f o r  t h e  a n a l y s i s  of t h e  Gateway 2 
bu i ld ing  [21, i s  described i n  Sect ion 5 of  t h i s  paper. It is 
s u f f i c i e n t  t o  state here  t h a t  i n  add i t ion  t o  t h e  usua l  
considera t ion of flow through o r i f i c e s  and cracks  VENT conta ins  
a n a l y t i c a l  rou t ines  t o  allow t h e  simultaneous c a l c u l a t i o n  of 
inflow and outflow a t  l a r g e  openings such a s  t h e  bus s t a t i o n  
doors. 

4.1.1 Scope of t h e  Analysis 

With t h e  exclusion of a l o c a l  exhaust  e x t r a c t  system t h e r e  a r e  
only two ways t o  ensure adequate v e n t i l a t i o n :  

a) Mechanical v e n t i l a t i o n  by p r e s s u r i s a t i o n  of t h e  concourse. 
b) Natural  v e n t i l a t i o n .  

Mechanical v e n t i l a t i o n  involves p ressur i s ing  t h e  concourse by  
supplying air e i t h e r  t o  t h e  concourse i t s e l f  o r  t o  t h e  two main 
l inked spaces. This has  t h e  advantages of f l e x i b i l i t y ,  
r e l i a b i l i t y  and ease of control .  

Natural  v e n t i l a t i o n  can t ake  p lace  a s  a r e s u l t  of  both wind and 
thermal e f f e c t s .  The thermal o r  "stack" e f f e c t  is usual ly  
n e g l i g i b l e  compared with t h a t  of  t h e  wind a s  t h e  p ressure  
d i f f e r e n c e s  induced by thermal changes i n  a i r  dens i ty  a r e  much 
smaller than those due t o  t h e  wind. The s i z e  of t h e  concourse 
a rea  makes it unl ikely  t h a t  an  e f f e c t i v e  c ross  flow could be 
achieved. I n  add i t ion ,  simple ca lcu la t ion  demonstrated t h a t  an 



adequate l eve l  of ven t i l a t ion  would achieved a t  t he  most 50% of 
the  t i m e .  This was done by assuming an e f f e c t i v e  pressure 
coef f ic ien t  over t h e  building of 0.5, two doors (6.6m2, each) 
open on each s ide ,  and the  exhaust from two buses. The wind 
speed exceeded f o r  50% of t h e  t i m e  was taken a s  4.5m/s, s o  
following the  CIBSE Guide [91 : 

9 is t h e  volume flow rate .  

A is the  a rea  of two doors 

Ap i s  the  pressure drop across t he  building (= 6Pa). 

Thus t h e  ven t i l a t ion  a i r  flow t h a t  w i l l  be exceeded 50% of t h e  
time is  approximately 19 m3/s. The exhaust from two buses would 
require about 16m3/s t o  d i l u t e  it t o  a sa fe  l eve l .  Natural 
ven t i l a t ion  was therefore  not thought t o  be acceptable. 

The study was therefore  confined t o  an inves t iga t ion  of 
mechanical vent i la t ion.  The amount of a i r  required t o  d i l u t e  the  
exhaust to  an acceptable l eve l  has  already been shown t o  be about 
30m3/s. Supplying a l l  t h i s  a i r  with t he  doors closed could 
generate large pressure within t h e  concourse. The simplest way 
t o  prevent t h i s  happening is t o  add leakage, The s i z e  of a 
su i t ab l e  r e l i e f  duct - which remains open a l l  t he  time - formed 
p a r t  of t h e  s tudies .  

Building Geometry 

The s impl i f ied version of t h e  building i n  Figure 3, was used f o r  
a l l  the  ana ly t i ca l  work. 

There are external  openings from t h e  concourse i n  t h e  form of 
doors and small na tura l  leakage paths such a s  cracks around 
doors. Each bus stand has th ree  doors which open t o  enable 
boarding from and a l igh t ing  t o  t he  concourse. 

There a r e  a l so  doors and cracks i n  t he  urban lounge and t i c k e t  
areas. Although the  bulk of t h e  study was concerned with leakage 
through l a rge  open doorways, t h e  leakage through closed doors can 
be s ign i f i can t  when pressurized t o  50pa. One manucacturer of 
s l id ing  doors gives a f igure  t h a t  r e s u l t  i n  a leakage from a l l  12 
doors of 1.5m3/s, whereas a 3mm crack would r e s u l t  i n  between 7 
and 8m3/s. The ANSI/ASHRAE/IES 90A-1980 a i r  leakage standard f o r  
non-residential dwellings, swing, revolving o r  s l i d ing  doors 
gives 4 .5m3/s. This has been taken here t o  be t yp i ca l  of what 
might occur. 

The following assumptions were made regarding the  geometry of t he  
building: 



a )  Both the  urban lounge and t h e  entrance h a l l  a r e  l inked t o  
t h e  concourse through openings of 72m2 area. 

b) The doors i n  the  urban lounge and t i c k e t  h a l l  a r e  swinging 
doors. Those i n  t he  concourse a r e  automatic, s l i d ing  doors 
which remain closed except when i n  use. The d e t a i l s  of t he  
doors and the  way i n  which they a r e  used a r e  important t o  
determine t he  leakage pa ths  out of t he  building and a l so  the  
r a t e  a t  which pressure bui lds  up a f t e r  they a r e  closed. 

4.1.1.2 Input parameters 

The major f ac to r s  influencing air-flow i n  t h e  concourse w e r e  each 
invest igated and t h e i r  r e l a t i v e  importance examined. This was 
done by taking the  following simple 'control '  case: 

a )  N o  wind 

b) Summer temperatures 2g°C outside,  20°C i n s ide  (these a r e  
assumed design conditions t h a t  exaggerate t h e  e f f e c t  a t  the  
la rge  doors) 

C )  Mechanical ven t i l a t ion  r a t e  of 25m3/s, supplied v i a  systems 
i n  t he  urban lounge and entrance h a l l  

d) Four open doors i n  t h e  concourse. 

Any s tudy of t h i s  nature w i l l  have the  po t en t i a l  f o r  a very large 
number of computer runs, Figure 4 shows t h e  t o t a l  number of 
combinations of a l l  var iab les  t h a t  might have been considered 
with a i r  supplied t o  l inked spaces only. The f igure  a l s o  shows 
which combinations were considered s ign i f i can t  f o r  the  purpose of 
analysis .  

After an assessment of these  preliminary runs fur ther  cases were 
considered invest igat ing t h e  e f f e c t s  of rec i rcu la t ing  some a i r  i n  
l inked spaces, supplying some a i r  t o  t he  concourse and t o  
determine the  s i z e  of t he  r e l i e f  duct. The supply a i r  volumes 
chosen i n  these fur ther  cases were based on t h e  normal 
ven t i l a t i on  requirements for a l l  th ree  spaces. The r e l i e f  duct 
area  was chosen t o  maintain a pos i t i ve  pressure i n  the  concourse. 

4.1.1.3 Output Evaluation 

A summary of a l l  the  computer runs ( t e s t s )  i s  given i n  Table 8, 
with some selected r e s u l t s  given diagrammatically i n  Figure 5 
Obviously the  amount of a i r  which en t e r s  t h e  concourse depends on 
the  i n t e rna l  pressure and the  a i r  temperature, a s  these determine 
the  l e v e l  of the  neutra l  plane,  i.e. t h e  l e v e l  a t  which in te rna l  
and ex te rna l  pressures a r e  t he  same f o r  any opening. 





Table 8a: Results with a i r  only supplied t o  rooms adjacent t o  the concourse 

Total Concourse Other Concourse Incoming a i r  Supply a i r  t o  Total 
Wind Temperature Supply Vol. doors doors h-essure above through external concourse from concourse a i r  

t o  a l l  spaces open open ex t  a t  +7m doors t o  concourse linked spaces change ra te  

( m / s )  (OC) (pa) (m3/s) (m3/s)  

2 
4 (2+2) 
4 (4 wind) 
4 (2+2) 
4 (4 wind) 
4 (4 lee)  
4 (4 lee)  
4 (2+2) 
4 (2+2) 

12 
4 (2+2) 

0 
0 
0 
0 
0 
0 

1, Room 1 
1, Room 4 
1 each 

Rooms 1&4 
1, Room 1 
1, Room 4 
1 each 

Rooms 1&4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 each 
Rooms 1&4 



Table 8b: Results with a i r  supplied to  a l l  roors 

Supply Vol. (m3/s) Concourse Other Concourse Incoming Total Total 
Wind Tenrperature doors Vent doors Pressure a i r  through Supply to  concourse 

Room Room Roapr open Open external concourse a i r  change 
1 3 4 doors to  concourse ra te  

( O C )  area/a2 (Pa) (m3/s) (m3/s) 

0 
1 each 

Rooms 1&4 
1 Room 4 
1 Room 1 
1 R o o m 1  

1 Room 1 
1 Room 1 

1 Room 1 

1 Room 1 

1 R o o p p 1  

1 Room 1 

1 Room 1 

1 Room 1 

2 each 
Roams 1&2 

1Room4 



I 1 Summer 2 9 C  

a I I 

Winter 7C 

4 Doors open in concourse 
also doors open in adjacent spaces 

Summer 29C 
2.7 cu.m/s 

1.3 cu.m/s 20.4 cu.m/s 

Summer 29C 0.9 C U . ~ / S  

Figure 5 Predicted airflow patterns 



The i n t e r n a l  pressure depends on the  e f f ec t i ve  area  through which 
a i r  can escape, and t h e  supply volume. Increasing the  number of 
concourse doors which a r e  open increases  the  e f f ec t i ve  o u t l e t  
area  and therefore  reduces t h e  pressure. Even i n  still a i r  t h i s  
increases  the  volume of a i r  enter ing from outside. For instance,  
when two doors a r e  open the re  is no incoming a i r ,  when four  doors 
a r e  open 0.04m3/s of a i r  en t e r s  t h e  concourse. If a l l  twelve 
doors a r e  open the  ingress  of a i r  is 15.7m3/s. 

The e f f e c t  of wind overrides a l l  o ther  e f f e c t s  by inducing la rge  
pressure differences across t he  doorways. Under these 
circumstances it is  not possible  t o  prevent a i r  coming i n  t o  t he  
concourse, by pressur is ing the  concourse a s  t he  volume of supply 
a i r  required would be too great .  However, it i s  possible  t o  
d i l u t e  any po l lu tan ts  t h a t  en t e r  t o  an acceptable l eve l .  The 
degree of  pressur izat ion obviously depends upon the  amount of a i r  
supplied t o  the  concourse. This can be increased d i rec t ly  by 
a l t e r i ng  t h e  supply a i r  flow i n  t h a t  area ,  o r  i nd i r ec t l y  by a i r  
from adjacent  spaces. Inward a i r  flow occurs only a s  a r e s u l t  of 
stack e f f e c t  and i s  usually ins ign i f ican t ,  outward a i r  flow 
occurs because open door provides a low res i s tance  t o  flow. This 
means t h a t  a f a i r l y  large proportion of a i r  supplied t o  t he  
linked spaces w i l l  not be usefu l  i n  ven t i l a t ing  t he  concourse. 
The r e s u l t s  given (Table 8) a r e  f o r  one open door only i n  l inked 
spaces, doubling t he  open area w i l l  make the  outward a i r f low from 
linked spaces more s ign i f ican t .  

The open area  required f o r  a r e l i e f  duct was 5m2, given a supply 
volume of 29.5m3/s and a maximum allowable pressure across it of 
50Pa. 

Altering t he  volumes of ex t r ac t ,  and hence t he  degree of 
p ressur i sa t ion  of t he  urban lounge and entrance h a l l  has  very 
l i t t l e  e f f e c t  on flow ins ide  t h e  concourse. A s  t h e  degree of 
pressur isat ion is reduced, some a i r  flows from the  esca la tor  well  
t o  t h e  entrance h a l l  and urban lounge, bu t  there  i s  no flow from 
the  concourse t o  t he  esca la tor  well. This means t h a t  pol luted 
a i r  should not spread ou t  of t h e  concourse area. 

4.1.2 Conclusion and recommendations 

The computer s tud ies  resul ted i n  the  recommendation t h e  following 
ven t i l a t i on  ra tes :  

a )  17m3/s supply a i r  t o  concourse, 

b) 15m3/s supply a i r  t o  urban lounge, 

C )  10m3/s supply a i r  t o  t i c k e t  h a l l ,  

d )  Half of the  a i r  supplied t o  t h e  entrance h a l l  and urban 
lounge can be extracted and some of it can be recirculated.  



These ven t i l a t i on  r a t e s  would maintain an a i r  supply t o  t he  
concourse of 20m3/s. The ex t r a  a i r  must be supplied because a i r  
supplied t o  t he  linked spaces can escape through any open doors 
i n  these  spaces and cannot therefore  be used t o  v e n t i l a t e  the  
concourse. 

The vent i la t ion  r a t e s  a r e  based on t h e  requirement t o  d i l u t e  
exhaust po l lu tan ts  i n  a l l  t h r ee  spaces a t  both peak and average 
t i m e s .  In  addit ion these supply a i r  quan t i t i e s  should s a t i s f y  
f r e sh  a i r  requirements, a i r  movement c r i t e r i a  and l i m i t  t h e  
concourse temperature t o  5OC above t h e  ambient ex te rna l  
temperature. 

The i n i t i a l  s tud ies  a l s o  suggested t h a t  it would a l so  be possible  
t o  p ressur i se  t h e  concourse by supplying a i r  a t  20m3/s t o  t h e  
entrance h a l l  and a t  15m3/s t o  t he  urban lounge only. It i s  
however, necessary t o  v e n t i l a t e  and supply f resh  a i r  t o  a l l  t h e  
spaces, 

On windy days some fumes w i l l  en t e r  t he  concourse but t h e  supply 
r a t e  i s  su f f i c i en t  t o  d i l u t e  any fumes which do e n t e r  t o  an 
acceptable level .  In  addit ion,  under these condit ions t h e  
concentration of fumes present  i n  t he  bus-occupied areas  w i l l  be 
lower. 

Pressure within t he  concourse must not be allowed t o  rise above 
50Pa above atmospheric as t h i s  makes it d i f f i c u l t  t o  open and 
close  doors. The pressure w i l l  only rise t o  t h i s  l e v e l  i f  a l l  
t he  doors a r e  closed, and can be l imited b y  a r e l i e f  duct with an 
open a r ea  5m2 a t  roof level .  This could be achieved by opening a 
window i n  the  roof l i g h t  during t he  summer. It might a l s o  be 
possible  t o  rec i rcu la te  some ' a i r  o r  recover some heat  from t h e  
outgoing a i r  during t he  i f  a separate duct  is  provided. 

The design of the  proposed mechanical ven t i l a t ion  system cannot 
be ca r r i ed  out i n  d e t a i l  without an analysis  of the  unsteady 
s t a t e .  The var ia t ion  of pressure with t i m e  and the  time taken t o  
e s t ab l i sh  a steady s t a t e  should be invest igated a t  t he  next 
stage. To carry  ou t  t h i s  study more de ta i led  information would 
be required concerning the  way i n  which the  bus s t a t i o n  w i l l  be 
used. 

During t h e  de ta i led  design s tage it may be necessary t o  ca r ry  ou t  
an addi t iona l  study of t h e  wind e f f e c t s  i n  the  two following 
cases: f i r s t l y  i n  t he  bus occupied areas  where t he  wind w i l l  
determine the  ambient po l lu tan t  l eve l s ,  and secondly on the  
external  doors where the  l oca l  wind pressures developed w i l l  
influence the  ingress  of bus exhaust fumes. 



4.2 The Wind Tunnel Tests  

These tests were car r ied  out on a 1:400 sca le  model (Figure 6) of 
the  passenger interchange and i ts  surrounding passenger 
interchange by T. W. Everett  and T. V. Lawson using the  
environmental wind tunnel i n  the  Department of Aeronatural 
Engineering a t  t he  University of Br i s to l .  This tunnel can be 
used t o  model: 

a )  Variation of mean windspeed with height 
b) Variation of turbulence with height 
C) Spectrum of turbulence a t  a l l  heights. 

This paper is not intended t o  be a discussion of t h e  way wind 
tunnels can be used t o  model atmospheric winds, s o  i f  more 
information should be required references [12-141 contain the  
t heo re t i ca l  bas i s  f o r  t h e  wind tunnel studies.  

4.2.1 The Invest igat ion 

The object ive  of t h e  study was t o  provide da ta  on t h e  a i r  change 
r a t e s  i n  t he  concourse and bus stand area  as a function of wind 
speed and direct ion.  To do t h i s  it was f i r s t  necessary t o  obtain 
surface pressure coef f ic ien ts  on both t he  open s ides  of t he  bus 
stand a r ea  and a l l  surfaces of t he  urban concourse, The 
measurement of pressures on open areas  is d i f f i c u l t  so  a r t i f i c i a l  
walls  w e r e  introduced, a t  t he  s ides  of t he  bus stands. These 
were removed f o r  t he  concourse ven t i l a t ion  prediction.  The 
measured pressure coef f ic ien ts  were then used a s  input  t o  a 
computer program (not the  one described here) along with leakage 
areas t o  p red ic t  ven t i l a t ion  flow ra tes .  

Such tests only provide da ta  f o r  par t i cu la r  combination of wind 
speed and direct ions .  To be of value i n  determining the  
probabi l i ty  of obtaining sa t i s fac tory  ven t i l a t ion  r a t e s  f o r  t he  
purpose o f  po l lu tan t  removal, it is necessary t o  r e l a t e  t he  
r e s u l t s  t o  l oca l  weather data. I t  is then possible t o  determine 
the  frequency of occurrence of specif ied a i r  charge ra tes .  

In  t he  present  case the  only meteorological da ta  ava i lab le  was 
f o r  Santander, and t h i s  was r e s t r i c t e d  t o  0700 and 1800 hours. 
A l l  ana lys i s  was therefore  based on these data ,  which comprised 
both wind speeds and direct ion.  Should data  f o r  Bilbao town 
centre  ever  become avai lable  then it would be simple t o  repeat 
the  ana lys i s  with t h a t  data. 

4.2.2 Results 

The r e s u l t s  of t he  analysis  were used t o  ca lcu la te  t he  percentage 
of t i m e  f o r  which a s t a t ed  volume flow r a t e  would be exceeded i n  





both t h e  bus stand and concourse a reas  a t  0700 and 1800 hrs ,  I n  
the  case of t he  former, two example were considered: 

A l l  external  doors open (12 bays each of three  4mZ doors). 

A ' r e s t r i c t e d  opening' with a s ing le  4m2 door open on the  
e x i s t i n g  s t a t i o n  s ide  and 4 bays of three  4m2 doors on t he  
other .  

Detailed r e s u l t s  cannot be of any general  i n t e r e s t  so  it is only 
per t inen t  t o  quote t he  general  conclusions which were: 

a )  Bus Areas 

A ven t i l a t i on  r a t e  of t h r ee  a i r  changes per hour i n  t h e  bus 
a r e a s  would be exceeded 96.3% of the  time a t  07:OO hours and 
96.7% of t h e  t i m e  a t  1 8 : O O  hours. There is very l i t t l e  
va r i a t i on  of these  average f igures  through t h e  year. 6 a i r  
changes would be exceeded 92% of t he  time and 1 air change 
99% of t h e  time. 

These f igures  ind ica te  t h a t  na tura l  ven t i l a t ion  is an 
adequate method of ven t i l a t i ng  t h e  bus areas  of t he  suburban 
bus s t a t i on .  On calm days when the  required a i r  change 
r a t e s  w i l l  not be achieved, there  w i l l  be s ign i f i can t ly  l e s s  
d i s t r i b u t i o n  and mixing of bus exhaust fumes; these  w i l l  
tend t o  r i s e  up ou t  of the  occupied space and so  should not 
pose a t h r ea t  t o  safety .  In  addi t ion,  a t  these times, fumes 
a t  low l eve l  w i l l  be more concentrated and so w i l l  be 
avoided na tura l ly  due t o  t h e i r  unpleasantness. 

The f a c t  t h a t  pol luted a i r  may re-enter t he  bus area a t  some 
po in t s  has been taken i n t o  account i n  assuming a ven t i l a t i on  
e f f ic iency  of 50% i n  ca lcu la t ing  the  required a i r  change 
r a t e s .  

b) Concourse Areas 

With a l l  doors open a l l  of t he  time and no pressur isat ion,  a 
ven t i l a t i on  r a t e  of th ree  a i r  changes pe r  hour i n  the  
concourse a rea  i s  exceeded 61% of the  t i m e  and a rate of one 
a i r  change pe r  hour is exceeded 87% of t he  t i m e .  With 
r e s t r i c t e d  openings these f igures  reduce t o  about 9% and 49% 
respectively.  

The f igures  a r e  t heo re t i ca l  and t h e  following po in t s  need t o  
be considered before drawing any conclusions: 

It is assumed t h a t  i n  each case doors w i l l  be open a l l  
t he  t i m e .  A s  already discussed a l l  12 stands w i l l  only 
be f u l l  f o r  5 minutes i n  the  peak hour and even then 
t h e  s ing le  en t ry  and two e x i t  doors w i l l  not be open 
together. The case with a l l  doors open simply serves  
t o  prove therefore  t h a t  natural  ven t i l a t ion  of t he  
concourse a rea  is  not possible.  



Table 9: Example of  result from wind tunnel tests 

Concourse a ir  change rates 

TOTAL VOLUME AIR CHANGE RATE EXCEEDED hr-I 
MONTH 

1 2 3 4 5 6 7 8 9 10 

JAN 

FEB 

MAR 

APR 

MAY 

JUNE 

JULY 

AUG 

SEPT 

OCT 

NOV 

DEC 

Note: Upper s e t  of figures for each month are for a l l  doors open 
and the lower for restricted opening. 



The 'restricted openings' case  is however, a l i t t l e  more 
realistic b u t  even t h i s  assumes t h a t  doors a r e  open 
continuously i n  any one hour. I n  p r a c t i c e  doors w i l l  be 
opening and c los ing  on t h e  windward and leeward s i d e s  and 
t h e r e  w i l l  be s i g n i f i c a n t  per iods  i n  any one hour when a l l  
t h e  doors a r e  closed, 

N o  allowance has  been made f o r  t h e  sh ie ld ing  e f f e c t  of  t h e  
buses. 

No account has  been taken of  t h e  modificat ion t o  a i r f low 
rates caused by p ressur i s ing  t h e  concourse. This w i l l  only 
have an e f f e c t  a t  low e x t e r n a l  windspeeds (although a 
v e l o c i t y  p ressure  o f  50Pa corresponds t o  a wind v e l o c i t y  of  
9.12m/s). 

Taking a l l  these  f a c t o r s  i n t o  account, it would be safe t o  assume 
t h a t  t h r e e  a i r  changes w i l l  very seldom be exceeded and one a i r  
change w i l l  only be exceeded f o r  about 10% of t h e  t i m e .  

Thus mechanical v e n t i l a t i o n  again is predic ted  a s  e s s e n t i a l  i f  a 
s a t i s f a c t o r y  environment is t o  be generated wi th in  t h e  wai t ing  
area. It is  a l s o  of i n t e r e s t  t h a t  t h e  very simple c a l c u l a t i o n  
shown i n  Sect ion 4.1.1 d i d  n o t  lead t o  a conclusion d i f f e r e n t  
from t h a t  of  t h e  wind tunnel  tests. The advantage of these  tests 
w a s  t h e  d e t a i l e d  information provided, such a s  t h e  frequency of  
occurrence of  d i f f e r e n t  airchange rates, an example of  which is 
given i n  Table 9. 

5 .  PROGRAM VENT 

This program is intended t o  p r e d i c t  a i r  movement through both  
purpose b u i l t  openings and f a b r i c  imperfect ions between spaces o r  
rooms. The d r iv ing  fo rce  f o r  t h i s  can be a combination of :  

a) Wind pressure.  
b) In te rna l / ex te rna l  temperature d i f fe rence  (s tack e f f e c t ) .  
c) Temperature d i f fe rence  between rooms. 
d) Mechanical p lan t .  

The ou tpu t  from t h e  program comprises: 

a )  Summary of t h e  inpu t  data .  

b) A sumnary o f  a l l  air-f lows from outs ide  t o  each room, t h e  
corresponding airchange rate, and hea t  gain. I n  addi t ion  
t h e  con t inu i ty  e r r o r  i s  given. The program works by 
s a t i s f y i n g  t h e  con t inu i ty  equation f o r  each room (mass flow 
i n  = mass flow o u t ) .  An i t e r a t i v e  so lu t ion  technique is 
used, s o  t h e r e  w i l l  be an  e r r o r  i n  t h e  flow balance. This 
is displayed s o  t h a t  t h e  o v e r a l l  accuracy of  t h e  p red ic t ion  
can be assessed. 



C) Room by room d e t a i l s  of t he  air-flow through each 
ven t i l a t i on  opening t o  t h e  outside,  and between rooms. 

d) A t r ace  of flows o r  contaminants. It i s  assumed t h a t  t he  
l e v e l  of a po l lu tan t  i s  held a t  100% i n  t he  "source room". 
The leve l  i n  adjacent rooms depends upon d i lu t i on  by 'pure' 
outs ide  a i r  and pure o r  s l i g h t l y  contaminated ins ide  a i r .  
The percentage l e v e l  of t h e  contaminant ( r e l a t i v e  t o  t h e  
source room, 100% l eve l )  is presented, with each room taken 
a s  t he  source i n  turn. 

5.1 Standard Data 

Vent has  a small da ta  base of leakage charac te r i s t i cs .  This is 
i n  t h e  process of development. The current  content a r e  yiven i n  
Table 10. 

Table 10: Standard Leakage Data 

Description D k n Code 

Own d a t a  0 
Window, pivoted, closed Crack length 2 . 1 ~ 1 0 ' ~  0.63 1  
Window, pivoted, Crack length 0 . 3 ~ 1 0 ' ~  0.63 2 

weathers t r ip  closed 
Window, s l id ing ,  closed Crack length 0 . 8 x l 0 - ~  0.63 3 

Door, s ingle ,  No. of doors 1 . 5 ~ 1 0 ' ~  0 .5  4  
s t a i rwe l l ,  closed 

L i f t  door, closed No. of doors 4 .0x10-~  0.5 5  
External  door with Crack length 1 . 6 ~ 1 0 ' ~  0.5 6  
sill, closed 

Standard f i r e  s top  door Crack length 2 .6x10-~  0.5 7  
L i f t  door with 5mm crack Crack length 4 . 2 ~ 1 0 " ~  0.5  8 

216nun p l a i n  br ick  Surface area  4 . 6 ~ 1 0 ~ ~  0.87 9 

216m brick p las te red  Surface area  4 . 0 ~ 2 0 ~ ~  0.87 10 
330m p la in  br ick  Surface a rea  4 . 1 ~ 1 0 ' ~  0.87 11 
330mm brick p las te red  Surface area  4 . 0 ~ 1 0 ~ ~  0.87 12 
External  cur ta in  wall  Surf ace area  3.0x10-~ 0.5 13 
Floors  Surface area  2 . O X ~ O ' ~  0.5 14 

Hole o r  o r i f i c e  Surface area 0.83 0.5 15 



5-2 Vent Algorithm 

This s e c t i o n  descr ibes  what i s  done by program VENT, using a 
combination of t e x t  and flow char t s .  

The VENT flow c h a r t  is given i n  Figure 7 which con ta ins  t h e  
subroutines,  PCOR, ACALC and FOLLOW; t h e i r  func t ions  a r e  
described i n  t h e  following sec t ions .  

5.2.1 Subroutine PCOR 

This i s  used t o  c a l c u l a t e  cor rec ted  e x t e r n a l  and i n t e r n a l  
p ressures  f o r  use i n  t h e  c a l c u l a t i o n  of air-f low r a t e s  and 
i n t e r n a l  pressure .  External  p ressures  are cor rec ted  f o r  p o s i t i o n  
and s t a c k  e f f e c t ,  w h i l s t  i n t e r n a l  co r rec t ions  are only required  
t o  take  account of temperature d i f fe rences  between rooms. The 
cor rec t ions  are: 

a) External  Pressure a t  any path: 

b) I n t e r n a l  co r rec t ion  

where ee = e x t e r n a l  a i r  dens i ty  (kg/m3 I 

V = wind speed 
W 

(m/s )  

F = loca t ion  cor rec t ion  f a c t o r  (m/s I  

Cy = pressure  c o e f f i c i e n t  (m/s)  

HD = height  of leakage pa th  
above datum (m) 

g = acce le ra t ion  due t o  g r a v i t y  (m) 

= he igh t  of  opening above 
H ~ i  f l o o r  of Room i (m) 

Ci = dens i ty  of air i n  Room i (kg/m3 

and s u f f i x  j refers t o  condi t ions  i n  adjacent  room number j, 

The i n t e r n a l  co r rec t ion  (COR) is subtrac ted  from t h e  d i f fe rence  
i n  pressure  between two rooms. The cor rec ted  e x t e r n a l  p ressure  
(PEX) rep laces  t h e  e x t e r n a l  p ressure  i n  a l l  flow ca lcu la t ions .  



Figure 7 Vent flow chart 



NOMENCLATURE 

PBAR Mean pressure in building 

SUM Slrm of room pressures 
Room counter 

I Room pressure 
Pl,PZ,P3 Prediction of PI 
QSUM Sum of room flows 
Q M  Flow to room from outside 
DELTA Convergence Lfmit 
NROOM Total number of rooms 
PBAR1, 2, 3 etc. Numbers 

represent estimate number 

SUBROUTINE 

Figure  8 Acalc flow c h a r t  



5.2-2 Subroutine ACALC 

This is the main calculation routine. The object is to satisfy 
the continuity equation for each room, and the whole building. 
In general the air flow equations are non-linear, so it is 
necessary to employ an iterative technique. The method employed 
is a numerical form of the well known Newton-Raphson technique. 
This approach is used so that almost any flow equation can be 
incorporated into VENT, An example of what might be included is 
given in Section 5.2.4. 

Taking the room flow balance as an example: 

a) An estimate is made of the internal pressure (PI), and the 
sum of all flows from outside and adjacent rooms calculated, 
this should be zero, but unless the estimate is good, will 
have some value QSUMl (calculated by Subroutine AFLOW which 
determines air flow from pressure drop). 

b) Using a second estimate, P2, calculate QSUM2. 

c) A better estimate of the room pressure is then obtained 
from: 

P3 = P2 + QSUMZ x (~2-pl) / (QSUM~-QSUM~) (4 )  

Calculate : 

QSUM3 = flow sum at room pressure P3; check 
if near to zero and if not: 

d) P1 = P2 
P2 = P3 
QSUMl = QSUM2 
QSUM2 = QSUM3 
Return to (c) - and continue, 

The process is applied to the whole building as well as each 
room, with the mean building pressure replacing room pressure in 
Equation (3). Figure 8 presents the flow chart for ACALC. Room 
convergence limits are based on the maximum flow from any single 
room opening and building convergence is related to the maximum 
flow through any single external opening. 

Additional checks are made to ensure that QSUM1 is not equal to 
QSUMZ, if this occurs then convergence is assumed - although a 
warning message is written to the terminal or log file. 
Experience has shown that such an event only occurs when close to 
a converged solution. 



5.2.3 Subroutine FOLLOW 

This subroutine i s  used t o  trace t h e  passage of  a contaminant 
from a source room, through each room i n  t h e  building.  It i s  
assumed t h a t  t h e  l e v e l  i n  t h e  source room i s  constant  a t  loo%, 
t h e  d i l u t i o n  i n  o t h e r  rooms can then be ca lcu la ted  by so lv ing  t h e  
set of equations: 

where Li i s  t h e  l e v e l  of t h e  contaminant i n  Room (%) 

Qi i s  t h e  a i r  flow rate leaving Room i (m3/s)  
L i s  t h e  l e v e l  of t h e  contaminant i n  Room j (%) 
j 

Q g i  i s  t h e  flow o f  a i r  from Room j to Room i (m3/s )  - 
Nr i s  t h e  number of rooms minus 1 (no 

so lu t ion  is  required  f o r  t h e  source room). 

Each room i s  t r e a t e d  as a source room i n  tu rn  (unless  t h e r e  i s  no 
flow t o  adjacent  rooms), s o  Equations (5) a r e  solved N t i m e s .  

r Gaussian e l iminat ion,  with p a r t i a l  p ivot ing i s  used. Matrix 
inversion - based methods a r e  not  s u i t a b l e  because t h e  equation 
set changes as t h e  source room i s  changed. 

5.2.4 Example o f  an a n a l y t i c a l  flow so lu t ion  

The example is  t h e  c a l c u l a t i o n  of flow through a l a r g e  opening. 
Consider an opening of height  H I  with  e x t e r n a l  condi t ions  given 
the  s u f f i x  0 and i n t e r n a l  i. then: 

The pressure  a t  any height  (y)  is: 

Outside 

Where P i s  t h e  p resure  a t  y = o 
g is t h e  g r a v i t a t i o n a l  constant  cis t h e  dens i ty  of air,  assumed here t o  be 

independent of height .  

The po in t  where these  a r e  equal ,  t h e  neu t ra l  p lane  (y = z )  
defines a boundary above which ( i f  t h e  ins ide  is h o t t e r  than t h e  
outside)  a i r  flows o u t  from t h e  bui ld ing,  and below which t h e r e  
is a cold  inflow. 



The flow i n t o  the  building pe r  u n i t  width of opening is (Q.): 
z 

1 

where : 

W i s  the  width of t he  opening 

C i s  the  discharge coe f f i c i en t  
D 

The outflow (is obtained by in tegra t ing  between t h e  neu t ra l  plane 
and t h e  top of t he  opening H I  giving: 

6. CONCLUSIONS 

This paper has attempted t o  describe t h e  bas i s  of t he  design f o r  
the  ven t i l a t i on  of t he  bus s t a t i o n  i n  f a i r l y  general  terms, i n  
p a r t i c u l a r  t o  demonstrate how t h e  work of t he  A i r  I n f i l t r a t i o n  
and Vent i la t ion Centre is used i n  industry. The paper does not 
contain a lengthy discussion of computer predict ions  because t h e  
inclusion of l a rge  numbers of calculat ions  a r e  of l i t t l e  value 
t o  those not d i r ec t l y  involved with t he  design. More de ta i led  
information is  avai lable  and can be supplied on request, by t h e  
authors. 

The design of t h e  ven t i l a t ion  s y s t e m  does, of course, not s top  
with t h e  calculat ion of the  required flow rates .  It is necessary 
t o  s i z e  p lan t ,  loca te  t he  f r e sh  a i r  i n l e t s  i n  pos i t ions  where 
there  is the  bes t  chance of taking i n  t h e  l e a s t  pol luted a i r ,  and 
i n  t h i s  example, assessing t h e  time required t o  achieve f u l l  
pressur izat ion a f t e r  the  doors a r e  closed. A t  present  t he  
p ro j ec t  i s  s t i l l  i n  t he  form of a proposal so no de ta i led  design 
has been done. It i s  possible  t h a t  t he  s i t ua t i on  may have 
changed by the  time of t he  conference. 
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